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Abstract
Comet 103P/Hartley 2 made a close approach to the Earth in October 2010. It was the target of an extensive observing campaign
including ground- and orbit-based observatories and was visited by the Deep Impact spacecraft in the framework of its mission
extension EPOXI. We present observations of HCN and CH3OH emission lines conducted with the IRAM Plateau de Bure inter-
ferometer on 22–23, 28 October and 4, 5 November 2010 at 1.1, 1.9 and 3.4 mm wavelengths. The thermal emission from the
dust coma and nucleus is detected simultaneously. Interferometric images with unprecedented spatial resolution of ∼100 to ∼500
km are obtained. A sine-wave like variation of the thermal continuum is observed in the 23 October data, that we associate with
the nucleus thermal light curve. The nucleus contributes up to 30–55 % of the observed continuum emission. The dust thermal
emission is used to measure the dust production rate. The inferred large dust-to-gas ratio (in the range 2–6) can be explained by the
unusual activity of the comet for its size, which allows decimeter size particles and large boulders to be entrained by the gas due
to the small nucleus gravity. The rotational temperature of CH3OH is measured with beam radii from ∼150 km to ∼1500 km. We
attribute the increase from ∼35 K to ∼46 K with increasing beam size to radiative processes. The HCN production rate displays
strong rotation-induced temporal variations, varying from ∼0.3×1025 s−1 to ∼2.0×1025 s−1 in the 4–5 November period. The HCN
production curve, as well as the CO2 and H2O production curves measured by EPOXI, are interpreted with a geometric model
which takes into account the complex rotational state of 103P/Hartley 2 and its shape. The HCN and H2O production curves are
in phase, showing that these molecules have common sources. The ∼ 1.7 h delay, in average, of the HCN and H2O production
curves with respect to the CO2 production curve suggests that HCN and H2O are mainly produced by subliming icy grains. The
scale length of production of HCN is determined to be on the order of 500–1000 km, implying a mean velocity of 100–200 m s−1
for the icy grains producing HCN. From the time evolution of the insolation of the nucleus, we show that the CO2 production is
modulated by the insolation of the small lobe of the nucleus. The three-cycle pattern of the production curves reported earlier is
best explained by an overactivity of the small lobe in the longitude range 0–180◦. The good correlation between the insolation of
the small lobe and CO2 production is consistent with CO2 being produced from small depths below the surface. The time evolution
of the velocity offset of the HCN lines, as well as the displacement of the HCN photocenter in the interferometric maps, are overall
consistent with this interpretation. Other localized sources of gas on the nucleus surface are also suggested.
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1. Introduction
Interferometric observations of comets at millimetric wave-
lengths have demonstrated their usefulness to study the inner
coma. They are well suited to determine the origin of the
molecules observed in the coma that can be released from the
nucleus surface or by distributed sources (e.g., from photodisso-
ciation of parent molecules or the sublimation of grains; Wright
et al., 1998; Milam et al., 2006; Boissier et al., 2007; Bockele´e-
Morvan et al., 2010). Interferometric maps can also reveal
the presence of jets or anisotropies in the outgassing pattern
(Boissier et al., 2007; Bockele´e-Morvan et al., 2009; Boissier
et al., 2010). In addition, the continuum emission from the
dust coma and the nucleus can be observed simultaneously with
emission lines (Altenhoff et al., 1999; Boissier et al., 2009,
2011).
The 2010 apparition of 103P/Hartley 2 was a rare oppor-
tunity to undertake sensitive observations of a Jupiter-family
comet with interferometric techniques. This Jupiter-family
comet made a close approach to the Earth on 21 October 2010
at a geocentric distance ∆ = 0.12 AU. On 4 November 2010, it
was visited by the Deep Impact spacecraft in the framework of
the EPOXI mission (A’Hearn et al., 2011). In order to support
the EPOXI mission, a worldwide observing campaign was or-





















ganized, including ground- and space-based instruments in all
wavelength ranges (Meech et al., 2011). We present here the
observations carried out in October and November 2010 with
the Plateau de Bure interferometer operated by the Institut de
Radioastronomie Millime´trique (IRAM). We also consider ob-
servations performed with the IRAM 30-m telescope and the
Caltech Submillimeter Observatory (CSO) (Biver et al., 2011;
Drahus et al., 2012).
Because of the close distance between 103P/Hartley 2 and
the Earth, the continuum radiation from both the dust coma
and the nucleus was detected in interferometric mode. The
dust continuum emission, which probes the thermal radiation
from millimeter-sized particles, was used to measure the dust
production rate (e.g., Jewitt and Luu, 1990, 1992). The con-
tribution of the nucleus thermal radiation to the detected radi-
ation could be properly evaluated, and its thermal lightcurve
be investigated, thanks to the detailed characterization of the
nucleus from EPOXI and radar investigations (A’Hearn et al.,
2011; Harmon et al., 2011).
We obtained interferometric maps of HCN lines, as well as
single-dish data usefully complementing in time coverage the
extensive data set of Drahus et al. (2012). EPOXI observed
rotation-induced temporal variations of the gaseous production,
and revealed that most of the activity was taking place at the
small end of the nucleus (A’Hearn et al., 2011). We analyze
the HCN production curves, Doppler line shifts, and interfer-
ometric maps using a model which takes into account the nu-
cleus shape and its complex rotation state in order to identify
the sources of HCN.
The emission lines of methanol in the millimeter-wave range
are frequently used to derive beam-averaged rotational temper-
atures in cometary atmospheres. We present here the analysis
of the interferometric and single-dish observations of a group of
E-type methanol lines around 157.2 GHz to estimate the tem-
perature at different distances from the nucleus of Hartley 2.
Radar observations of 103P/Hartley 2 showed the presence
of large grains (>cm) in the coma (Harmon et al., 2011). Large
ice chunks were individually seen near the nucleus by EPOXI
(A’Hearn et al., 2011). We studied the brightness distribution
of HCN lines to investigate whether grains are the main source
of HCN in the coma. The anisotropy of the outgassing is taken
into account in this study on the basis of simple simulations.
The observations are described in Sect. 2. The continuum
and spectral data are analyzed in Sect. 3 and Sect. 4, respec-
tively. In Sect. 5, we propose an interpretation of the HCN
temporal variations related to the complex rotation state of the
nucleus. The radial distribution of the HCN molecules derived
from the interferometric maps is studied in Sect. 6. A summary
follows in Sect. 7.
2. Observations
2.1. Description
The IRAM interferometer is an array of six 15-m antennas
located at the Plateau de Bure, in the French Alps. Comet
103P/Hartley 2 was observed at wavelengths of 3.4, 1.9, and
1.1 mm (88.6, 157.2 and 265.9 GHz, respectively) with this
instrument between 23 October 2010 and 5 November 2010.
The main parameters of the observations (geocentric and helio-
centric distances, ephemeris, and phase angle) are reported in
Table 1.
The array was in its compact configuration with baseline
lengths ranging from ∼20 to ∼100 m on 23 October 2010, and
from ∼20 to ∼180 m on the other dates. The resulting synthe-
sized beam diameters (Full width at half-maximum, FWHM)
are ∼1 to 5′′ (see beam sizes in Table 2), depending on the
observing frequency, which corresponds to projected distances
at the comet from ∼100 to 500 km. The wideband correlator
(WIDEX) was dedicated to continuum observations using a to-
tal bandwidth of 3.6 GHz in two orthogonal linear polariza-
tions, whereas the narrowband correlator was set up to observe
molecular emission lines in the two polarizations.
In addition to interferometric data, single-dish spectra were
acquired by the six antennas throughout the observing periods
at a time interval of ∼40 min, and with an integration time on
source of 2 min. To cancel the sky contribution, the position
switching mode (On-Off) was used with the Off position at a
distance of 5′ in azimuth from the comet. The forward and main
beam efficiencies of the antennas are 0.95 and 0.85, respec-
tively, at 88.6 GHz, 0.93 and 0.67, respectively, at 157.2 GHz,
and 0.86 and 0.46, respectively, at 265.9 GHz. This results in
conversion factors of 21, 26 and 35 Jy K−1 at 88.6, 157.2, and
265.9 GHz, respectively. The flux calibration uncertainty of
the On-Off measurements is on the order of 10%. The whole
calibration process was performed using the GILDAS software
packages developed by IRAM (Pety, 2005). The single-dish
data obtained independently from the six antennas were aver-
aged.
23 October 2010. Between 22 October 21 h UT to 23 Octo-
ber 8 h UT, i.e., two days after its closest approach to Earth,
we observed the J(1–0) line of HCN at 88.6 GHz with a chan-
nel spacing of 40 kHz (corresponding to a spectral resolution
of ∼0.2 km s−1). The weather conditions were excellent: a sys-
tem temperature around 80 K and a phase rms on the order of
10◦. The gain calibration sources (observed every 30 min to
monitor the instrumental and atmospheric phase and amplitude
variations) were 0552+398 and 0548+378. MWC349 was used
to determine the absolute flux scale with a 1σ uncertainty of
∼5%.
28 October 2010. From 27 October 22 h UT to 28 October 9 h
UT, we observed several methanol rotational lines (E transitions
J0–J−1, J=1–6) around 157.2 GHz. Several narrow correla-
tor units were used with channel spacings of 39 and 156 kHz,
corresponding to effective resolutions of 0.1 and 0.4 km s−1,
respectively. The interferometric data acquired from 27 Octo-
ber 23 h UT to 28 October 1.5 h UT under poor atmospheric
phase conditions are not usable. For the remaining part, from
2.5 to 9 h UT, the conditions were acceptable with a system
temperature around 150 K and a phase rms of ∼40◦. The gain
calibration source was 0657+172 and MWC349 was used to
determine the absolute flux scale with an accuracy of ∼10%.
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Table 1: Log of the Plateau de Bure observations of comet 103P/Hartley 2
Date Line Freq. Reference position and UT timea ∆ rh φb
UT GHz RA (h:min:s) Dec (◦:′:′′) h AU AU
22.904–23.321 Oct. 2010 HCN J(1–0) 88.6 05:58:08.02 32:52:17.8 8.0 0.122 1.06 54◦
27.946–28.379 Oct. 2010 CH3OH J0 − J−1 157.2 06:35:47.06 20:38:57.6 9.0 0.131 1.05 57◦
4.042–4.342 Nov. 2010 HCN J(1–0) 88.6 07:07:24.74 06:58:24.5 8.0 0.154 1.06 59◦
4.992–5.333 Nov. 2010 HCN J(3–2) 265.9 07:10:38.36 05:22:20.6 8.0 0.158 1.06 59◦
a Reference position (0,0) of interferometric maps at the given UT time, in apparent geocentric coordinates, corresponding to the
Horizons/JPL ephemeris which takes into account EPOXI astrometry (Giorgini et al., 2012). b Phase angle.
4 November 2010. The HCN J(1–0) line was observed with a
channel spacing of 40 kHz between 1 and 8.5 h UT, i.e., a few
hours before the EPOXI closest approach on 4 November, 14 h
UT (A’Hearn et al., 2011). The system temperature was about
90 K and the maximum phase rms was about 30◦. The gain
calibration source was 0736+017 and MWC349 was used to
determine the absolute flux scale with an uncertainty of ∼5%.
5 November 2010. The HCN J(3–2) line at 265.9 GHz was
observed with a channel spacing of 40 kHz (corresponding to an
effective resolution of ∼0.06 km s−1) between 0 and 8.5 h UT,
i.e., ten hours after the EPOXI closest approach. The weather
conditions were poor: the system temperature was of the order
of 500 K and the maximum phase rms was about 60◦. The
gain calibration source was 0748+126 and 3C454.3 was used to
determine the absolute flux scale with an uncertainty of ∼15%.
2.2. On-Off spectra
The On-Off spectra of the six methanol lines, averaging all
data acquired on 28 October, are shown in Fig. 1. Time vari-
ations of the line intensities, as well as those of the mean line




, where i is the
channel number which brigthness temperature and velocity are
Ti and vi, respectively), are presented in Fig. 2. We present also
the variations of the average of the six lines, which has a better
signal-to-noise ratio and can be studied with a better time res-
olution. We include in our analysis single-dish spectra of the
CH3OH 157.2 GHz lines observed simultaneously in dual po-
larization with the IRAM 30-m telescope in Spain (Fig. 1). The
observations were carried out between 0.63 and 1.78 h UT on
28 October 2010.
The time-averaged On-Off spectra of the HCN J(1–0) line
obtained on 22.92–23.33 October and 4.04–4.33 November UT
are presented in Figs 1a and 1b, respectively, whereas the time-
averaged HCN J(3–2) spectrum obtained on 5 November is pre-
sented in Fig. 1c. The time variations of the line integrated in-
tensity and mean velocity are shown in Fig. 3.
Table 2 lists the line-integrated intensities measured on the
time-averaged HCN and CH3OH spectra.
Figure 1: On-Off spectra observed in comet 103P/Hartley 2. Upper row:
methanol 157.2 GHz lines observed with the IRAM Plateau de Bure anten-
nas on 28 October 2010. The total integration time is 32 min on source spread
over a 9 h period. Middle row: methanol 157.2 GHz lines observed with the
IRAM 30-m telescope on 28 October 2010. The total integration time is 19 min
on source spread over a 1.15 h period. CH3OH lines are labelled from 1 to 6;
the correspondence between labels and transitions is given in Table 2. Lower
row: HCN spectra observed at the Plateau de Bure. a) HCN J(1–0) line at 88.6
GHz observed on 23 October 2010. The total integration time is 40 min spread
over a 10 h interval. b) HCN J(1–0) line at 88.6 GHz observed on 4 November
2010. The total integration time is 22 min spread over a 7 h interval. c) HCN
J(3–2) line at 265.9 GHz observed on 5 November 2010. The total integration
time is 31 min spread over a 8 h interval. The hyperfine components of the
HCN J(1–0) line are identified in frames a) and b).
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Table 2: Line intensities
Date Molecule Transition Freq. RAa Deca Fluxb Beam
UT MHz ′′ ′′ Jy km s−1 ′′
Plateau de Bure On-Off spectra
27.956–28.379 Oct. CH3OH 10–1−1 (1)c 157270.85 - - 0.68 ± 0.05 30.5
27.956–28.379 Oct. CH3OH 20–2−1 (2)c 157276.06 - - 0.99 ± 0.05 30.5
27.956–28.379 Oct. CH3OH 30–3−1 (3)c 157272.37 - - 1.30 ± 0.05 30.5
27.956–28.379 Oct. CH3OH 40–4−1 (4)c 157246.06 - - 1.27 ± 0.05 30.5
27.956–28.379 Oct. CH3OH 50–5−1 (5)c 157179.02 - - 1.14 ± 0.05 30.5
27.956–28.379 Oct. CH3OH 60–6−1 (6)c 157048.62 - - 0.96 ± 0.05 30.5
22.904–23.321 Oct. HCN (1–0) 88631.85 - - 0.777 ± 0.042 54.0
4.042–4.342 Nov. HCN (1–0) 88631.85 - - 0.666 ± 0.049 54.0
4.992–5.333 Nov. HCN (3–2) 265886.43 - - 7.49 ± 0.22 18.0
IRAM 30-m spectra
28.025–28.075 Oct. CH3OH 10–1−1 157270.85 - - 0.382 ± 0.066 15.3
28.025–28.075 Oct. CH3OH 20–2−1 157276.06 - - 0.391 ± 0.066 15.3
28.025–28.075 Oct. CH3OH 30–3−1 157272.37 - - 0.566 ± 0.066 15.3
28.025–28.075 Oct. CH3OH 40–4−1 157246.06 - - 0.485 ± 0.075 15.3
28.025–28.075 Oct. CH3OH 50–5−1 157179.02 - - 0.471 ± 0.080 15.3
28.025–28.075 Oct. CH3OH 60–6−1 157048.62 - - 0.377 ± 0.071 15.3
Point source fitted to the interferometric data
28.104–28.396 Oct. CH3OH 10–1−1 157270.85 0.72 ± 0.39 0.06 ± 0.31 0.065 ± 0.016 3.12 × 2.59
28.104–28.396 Oct. CH3OH 20–2−1 157276.06 0.11 ± 0.24 –1.67 ± 0.19 0.107 ± 0.016 3.12 × 2.59
28.104–28.396 Oct. CH3OH 30–3−1 157272.37 –1.33 ± 0.33 –0.88 ± 0.27 0.077 ± 0.016 3.12 × 2.59
28.104–28.396 Oct. CH3OH 40–4−1 157246.06 1.26 ± 0.26 –1.80 ± 0.21 0.097 ± 0.016 3.12 × 2.59
28.104–28.396 Oct. CH3OH 50–5−1 157179.02 0.22 ± 0.27 –1.29 ± 0.21 0.096 ± 0.018 3.12 × 2.58
28.104–28.396 Oct. CH3OH 60–6−1 157048.62 0.20 ± 0.39 –1.86 ± 0.31 0.065 ± 0.018 3.12 × 2.58
22.917–23.333 Oct. HCN (1–0) 88631.85 0.40 ± 0.54 –3.98 ± 0.46 0.0258 ± 0.005 6.21 × 4.89
4.042–4.354 Nov. HCN (1–0) 88631.85 1.42 ± 0.34 –3.14 ± 0.41 0.0256 ± 0.006 3.73 × 2.81
5.021–5.354 Nov. HCN (3–2) 265886.43 0.14 ± 0.08 –1.97 ± 0.12 0.24 ± 0.04 1.32 × 0.93
a Position of the point sources fitted to the visibilities with respect to the reference positions of the comet given by the ephemeris
from Giorgini et al. (2012) (see Table 1 for the coordinates).
b Flux integrated over the whole line. The error does not include uncertainties in the absolute flux calibration: 10% in On-Off, and
5, 10 and 15% in interferometric mode at 88.6, 157.2, and 265.9 GHz, respectively. For HCN J(1–0), the intensity is that of the
main hyperfine component F2–1. For HCN J(3–2), the intensity does not include the contribution from the faint (3.7%) hyperfine
components at –2.35 and 1.75 km s−1.
c Label of the line used throughout the paper.
4
Figure 2: Time evolution of the line area and Doppler shift of the six CH3OH
157.2 GHz lines (labels 1 to 6) observed in On-Off mode. Each data point
corresponds to 8 min on source spread over about 2 h. We present in the first
row the evolution measured on the profile obtained by averaging the 6 lines. In
that case, each data point corresponds to an individual On-Off observation with
an integration time of 2 min on source. In each frame, the horizontal dashed
line represents the time-averaged value, measured on the spectrum obtained
when summing all the spectra acquired during the observations. Left pannels:
integrated area, in the main beam temperature scale; the label of the lines is
indicated in the top left corner (assignation given in Table 2). Right pannels:
Doppler shift in the nucleus rest frame.
Figure 3: Time evolution of the HCN lines observed in On-Off mode on 23
October (88.6 GHz, main hyperfine component, top frames), 4 November (88.6
GHz, main hyperfine component, middle frames), and 5 November (265.9 GHz,
bottom frames). In each frame, the horizontal dashed line represents the time-
averaged value, measured on the spectrum obtained when summing all the spec-
tra acquired during the observations. Left pannels: integrated area (in main





To produce interferometric maps of the methanol lines, we
averaged the channels in the spectral region where emission is
present in the On-Off spectra, i.e., over a width of 2.7 km s−1
for lines 1 to 4, and of 2.6 km s−1 for lines 5 and 6 (the lines are
labeled by their J quantum numbers as indicated in Table 2). As
cometary gas emission is extended, it is expected to be strongest
on the shortest baselines (Boissier et al., 2007). Using coma
parameters deduced from On-Off spectra (CH3OH production
rate, gas temperature and velocity, see Sect. 4), we computed
the visibilities expected for the methanol lines using the model
described in Sect. 4.1. A comparison of the results with the
noise level in the data showed that detection with baselines
longer than 100 m was unlikely. Therefore, in order to improve
the signal-to-noise ratio, we only considered baselines shorter
than 100 m. As a result, the angular resolution of the presented
maps is degraded by about 50% with respect to what it would
be using all baselines. To measure the interferometric fluxes
(refered as to Fint in Sect. 6), we fitted a point source model to
the visibilities in the Fourier plane, prior to the imaging pro-
cess (which introduces biases due to partial coverage of the uv
plane). The output of the fit is the position of the maximum line
brightness (in the interferometric image) and the interferomet-
ric flux at this position. The methanol lines are detected with
signal-to-noise ratios ranging from 3.6 to 6.8 (Table 2).
Figure 5 presents maps of the HCN J(1–0) and J(3–2) lines
integrated over a velocity range of 2.3 and 2.2 km s−1, respec-
tively. Unlike methanol lines, all baselines were considered in
the reduction process. As for the methanol lines, we performed
a fit of a point source to the visibilities to measure the line inte-
grated intensities that are reported in Table 2.
Spectra of the CH3OH and HCN lines obtained in interfero-
metric mode are shown in Fig. 6.
2.3.2. Continuum
The continuum emission of the comet was estimated by av-
eraging the signal in the line-free channels. The correspond-
ing maps are presented in Fig. 7. The signal recorded for all
baselines was used. The results of the fits to a point-source are
summarized in Table 3.
For HCN and the continuum, when possible, we divided the
data into a number of subsets to study the time variations of the
flux along the observing sequence, as shown in Fig. 8.
3. Analysis of continuum data
3.1. Nucleus thermal emission
When a comparison is possible (23 October 2010 and 4
November 2010) there is no obvious correlation between con-
tinuum and gas time variations (interferometric or On-Off data,
see Fig. 8). The continuum light curve observed on 23 Octo-
ber follows a sine-wave like variation, with the maximum and
minimum separated by ∼4.5 h, i.e., a quarter of the ∼18.3 h ro-
tation period of the nucleus (Harmon et al., 2011; Meech et al.,
2011). This is unlike the light curves observed for dust and
Figure 4: Interferometric maps of the six methanol lines observed on 28 Octo-
ber 2010 with the Plateau de Bure interferometer. Upper panels: lines 1 to 3;
lower panels: lines 4 to 6. The contour spacing is 1-σ, i.e., 0.019, 0.024, 0.024,
0.022, 0.021 and 0.018 mJy km s−1 for lines 1 to 6, respectively. Solid (respec-
tively dotted) line contours stand for positive (respectively negative) signal. In
each frame, the arrow indicates the direction of the Sun. The center of the maps
is the position provided by the most recent ephemeris solution (reconstructed
from EPOXI spacecraft navigation data, Giorgini et al. 2012). The ellipse in
the lower left corner of the frames shows the synthesized beam. The position of
peak brightness determined by fitting a point source to the visibilities (results
in Table 2) is indicated by the grey cross.
gas phase species, which show rotation-induced variations with
minima and maxima separated by about half the rotation period
(A’Hearn et al., 2011; Drahus et al., 2011; Biver et al., 2011;
Besse et al., 2012, Sect. 4). Therefore, the variability of the
continuum flux observed at Plateau de Bure on 23 October sug-
gests that the nucleus is the main source of the signal. The
expected thermal flux from the nucleus, assuming a spherical
nucleus with a mean diameter of 1.16 km (A’Hearn et al., 2011)
and a simple Standard Thermal Model with η=1 (Lebofsky and
Spencer, 1989), is given in Table 3 for the different dates and
frequencies. The nucleus contributes from 30% (23 October)
to 55% (5 November) of the observed continuum fluxes. How-
Figure 5: Interferometric maps of the J(1–0) and J(3–2) HCN lines observed
with the Plateau de Bure interferometer. The contour spacing is 1-σ (0.005,
0.006, and 0.064 Jy km s−1 on 23 October 2010, 4 November 2010, and 5
November 2010, respectively). Solid (respectively dotted) line contours stand
for positive (respectively negative) signal. In each map, the arrow indicates the
direction of the Sun. The cross at the center is the position provided by the
most recentephemeris solution from Giorgini et al. (2012) and the ellipse in the
lower left corner is the synthesized beam. The position of the point source fitted
to the visibilities to measure the flux (Table 2) is indicated by the superimposed
grey cross.
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Figure 6: Interferometric spectra of comet 103P/Hartley 2. They were obtained
by integrating the signal in an ellipse of equivalent radius re centred on (RAe,
Dece) with respect to the nucleus position given by the ephemeris. Upper
row: Methanol 157.2 GHz lines on 28 October 2010, re = 5′′, (RAe, Dece)
= (–1.5′′,–3′′). The correspondence between labels and transitions is given in
Table 2. Lower row: a, b) HCN J(1–0) line on 23 October and 4 November
2010, respectively, with re = 6.5′′ and 4.5 ′′, and (RAe, Dece) = (1′′,–5.5′′) and
(1.5′′,–2.5′′), respectively ; c) HCN J(3–2) line on 5 November 2010 with re =
2.4′′, (RAe, Dece) = (0.5′′,–1′′). The position of the hyperfine components of
the HCN J(1–0) line is indicated in frames a) and b).
Figure 7: Interferometric maps of the continuum emission from comet
103P/Hartley 2 observed with the Plateau de Bure interferometer. The dates
and observing frequencies are indicated in the lower right corners of the frames.
The contour spacing is 1–σ (0.5 mJy) for the 265.9 GHz map (5 November) and
2–σ for the other maps (0.06, 0.2, and 0.1 mJy for 23 October (88.6 GHz), 28
October (157.2 GHz) and 4 November (88.6 GHz), respectively). In each map,
the position of the point source fitted to visibilities is indicated by a grey cross.
The arrow indicates the direction of the Sun, the black cross at the center is the
comet position provided by the ephemeris from Giorgini et al. (2012), and the
ellipse in the lower left corner is the synthesized beam.
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Figure 8: Time variations of the intensity of HCN lines and of continuum emis-
sion measured in 103P/Hartley 2 in interferometric mode. On 23 October, the
sine-wave curve represents the synthetic thermal emission curve of the elon-
gated comet nucleus (see Sect. 3).
ever, this approach does not take into account the fact that the
nucleus is elongated. We thus calculated the nucleus synthetic
thermal light curve for 23 October 2010, taking into account
its shape (Thomas et al., 2013) and again a Standard Thermal
Model with η=1. In the calculation we assumed a simple rota-
tion at a constant rate, adopting the pole orientation RA=17◦,
Dec=+47◦ (A’Hearn et al., 2011; Harmon et al., 2011) and the
rotation period P=18.3 h (Thomas et al., 2013), both measured
at the epoch of the EPOXI flyby. The results are given in Fig. 8.
Since the rotation was excited and rapidly decelerating (Belton
et al., 2013, and references therein), the phasing of the thermal
curve cannot be extrapolated over 12 days from 4 November
2010 to 23 October 2010, and we had to shift it by –6.5 h (or
+2.5 h) to phase it with the observations of 23 October 2010.
The synthetic thermal light curve demonstrates that the tempo-
ral variations of the continuum are indeed driven by the nucleus,
and consistent with a rotation period of about 18 h.
3.2. Dust production rates
The dust continuum flux was obtained by subtracting the nu-
cleus thermal fluxes given in Table 3. To interpret the mea-
surements, we used the dust model described by Bockele´e-
Morvan et al. (2010). Dust thermal emission is modelled us-
ing absorption coefficients computed with the Mie theory (see,
e.g., Jewitt and Luu, 1992; Boissier et al., 2012). Optical con-
stants pertaining to porous grains made of amorphous and crys-
talline silicates are calculated using the Maxwell Garnett mix-
ing rule, adopting the refractive indices of astronomical sili-
cates and forsterite published by Draine (1985) and Fabian et al.
(2001), respectively. We assumed a porosity of 0.5, a crys-
talline/amorphous silicate ratio of 1 and a grain density ρd =
500 kg m−3. The equilibrium temperature of the grains con-
tributing to the observed continuum emission was estimated as
275 K. We considered a differential dust production rate as a
function of size Qd(a) ∝ a−α, with sizes between 0.1 µm and
amax. Both radar images and images from the EPOXI mission
showed that the grain size distribution in 103P/Hartley 2 coma
included a significant population at decimeter sizes or larger
(Harmon et al., 2011; A’Hearn et al., 2011; Kelley et al., 2013).
Following Crifo and Rodionov (1997), we computed that the
maximum liftable size through H2O loading is amax = 1 m, for a
nucleus density ρN = 500 kg m−3 and isotropic outgassing with
a water production rate QH2O = 10
28 s−1 (model 1). The EPOXI
mission revealed strong enhancements of CO2, dust and ice
grain production from the smaller lobe of the nucleus (A’Hearn
et al., 2011). In addition there are several pieces of evidence
that water was subliming from the icy grain halo (e.g., Meech
et al., 2011; Knight and Schleicher, 2013, see also Sect. 5.3).
Therefore, we also investigated the case where the particles are
ejected by CO2 escaping gases. We assumed a surface gas mass
flux corresponding to a total production rate QCO2 = 2 × 1027
s−1 in a cone of 90◦ opening angle (model 2). This CO2 pro-
duction rate corresponds to the maximum value measured by
EPOXI (A’Hearn et al., 2011; Besse et al., 2012). The opening
angle of the cone is consistent with the spatial distribution of
the large dust particles detected in radar echoes (Harmon et al.,
2011). We infer amax = 2.4 m in this case. For comparison,
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size estimates of the large icy boulders detected by EPOXI im-
ply radii ≤ 2.1 m (Kelley et al., 2013). The dust opacities link
the observed continuum flux to the dust mass within the beam
(Jewitt and Luu, 1992). For a size index α = –3.5 and amax =
1 m (model 1), we get 7.8, 7.5 and 5.1 (× 10−3) kg m−2 at 1.2,
1.5 and 3.4 mm, respectively. For amax = 2.4 m (model 2), the
inferred dust opacities are 3.9, 3.7 and 2.7 (× 10−3) kg m−2, re-
spectively. We assumed a nominal value α = –3.5 in the dust
production rate calculations. Indeed, the size index in the coma
q is related to the size index at production α through q = α +
0.5, for a velocity law in the form a−0.5 (Fulle, 2004). Bauer
et al. (2011) inferred q = –3.0 ± 0.3 (corresponding to α = –
3.5) from WIS E observations of 103P/Hartley 2 undertaken in
May 2010.
An important parameter for determining the dust production
rate is the dust velocity which is a function of the grain size and
surface gas production. For model 1, the size-dependent grain
terminal velocities deduced from the formula given by Crifo
and Rodionov (1997) vary from 0.45 to 454 m s−1 in the size
range 0.1 µm–1m, and follow approximately a size dependence
a−0.5. For model 2, they range from 0.74 to 560 m s−1 for a
= 0.1 µm–2.4 m. We checked that the velocities of large-size
grains (> 1 mm) are in agreement with state-of-the-art dusty gas
dynamic modelling of 103P/Hartley 2 under similar assump-
tions (V. Zakharov, private communication). We expect models
1 and 2 to bracket the actual kinematic properties of the dust
grains at the time of the Plateau de Bure observations, as they
correspond to two extreme cases of outgassing profiles. How-
ever, the velocities derived for 2-cm grains are 3.2 m s−1 and
7.9 m s−1, for models 1 and 2 respectively, and much lower than
the value of 30 m s−1 estimated for this size from the Doppler
spectrum of the radar echo (Harmon et al., 2011). Accelerating
centimeter size grains to this velocity require very large surface
gas fluxes (∼ 4 10−4 g cm−2 s−1), implying highly collimated
gas and dust production. Dust production rates were estimated
using the dust velocities given by our models. Higher produc-
tion rates would be obtained using instead velocities measured
by the radar echoes.
For model 1, averaging values obtained for the four observ-
ing dates, we infer a mean dust production rate of 830 kg s−1
for a size index α = –3.5. The dust production rates obtained
for 23, 28 October, 4 November and 5 November are 1000,
690, 740, and 900 kg s−1, respectively (Table 3). These values
are 2–3 times higher than the estimates obtained by Harmon
et al. (2011) from coma radar echoes using the same size index.
Dust production rates obtained using model 2 are larger than
for model 1, as both the grain maximum size and velocities are
larger: the mean value for the observing period is 2700 kg s−1 ,
with a value of 2300 kg s−1 for 4 November. We note that, for α
= –4, the two data sets at 3.4 mm yield higher production rates
(by a factor of 2) than 1.2 and 1.5 mm data, suggesting that such
a steep size distribution can be excluded. Tighter constraints on
the size distribution cannot be obtained from the present data
set since the data were acquired on different dates. The masses
derived using α = –3.0 are 50–70% higher than values derived
with α = –3.5. The two data sets at 3.4 mm suggest that the dust
production rate was on average 35% higher on 23 October than
on 4 November.
In summary, uncertainties in the size distribution cut-off and
kinematics make our estimate of the dust production rate quite
uncertain. The large dust velocities measured by the radar mea-
surements favor models leading to dust production rates higher
than the range of values 830–2700 kg given by models 1 and
2. These values are larger than the CO2 and H2O production
rates of 160 kg s−1 and ∼ 300 kg s−1, respectively, measured in
the period of the Plateau de Bure observations (A’Hearn et al.,
2011; Dello Russo et al., 2011; Crovisier et al., 2013). They
imply a dust-to-gas production rate ratio in the range 2–6, sug-
gesting that 103P/Hartley 2 was highly dust productive. This
large dust-to-gas ratio can be explained by the unusual activity
of the comet given its size, which allows decimeter size par-
ticles or larger boulders to be entrained by the gas due to the
small nucleus gravity.
4. Analysis of spectral data
4.1. Coma temperature
The gas temperature in cometary atmospheres is an important
parameter for computing reliably the rotational excitation of the
molecules. Rotational temperatures can be measured from the
intensities of several rotational lines of a given molecule which
are, under optically thin conditions, proportional to the column
densities within the upper transition states. Assuming that the
population distribution can be described by a single rotational
temperature Trot, then the relation between line intensities and
the energy of the upper transition states is directly related to
Trot (see Goldsmith and Langer (1999) and Bockele´e-Morvan
et al. (1994) for detailed descriptions of the rotation-diagram
technique).
Figure 9 shows rotation diagrams with the inferred Trot ob-
tained from the analysis of the time-averaged CH3OH data ac-
quired on 27–28 October with the Plateau de Bure (interfero-
metric and On-Off modes) and the IRAM 30-m telescopes. Val-
ues range from 35 to 45 K. As observed methanol lines are all
of E-type, the derived rotational temperatures are not affected
by any potential E/A anomaly.
The signal-to-noise ratio of the Plateau de Bure On-Off data
allows us to measure Trot for the first three out of the four data
subsets shown in Fig. 2, to study temporal variations. We in-
fer temperatures of 48.0 ± 8.3 K at 23.9 h UT on 27 October,
and 35.4 ± 3.1 K and 53.3 ± 6.5 K at 2.8 and 5.5 h UT on 28
October. The signal-to-noise ratio in the last data subset is too
low to infer a reliable rotational temperature from the rotation
diagram. Temporal variations of the temperature are observed,
with a minimum at ∼ 2.8 h UT, about 15 K lower than val-
ues for 27 October at 23.9 h UT and 28 October at 5.5 h UT.
Drahus et al. (2012) monitored 157.2 GHz methanol lines with
the IRAM 30-m telescope and derived even stronger tempera-
ture variations. Higher temperatures are measured at times of
maximum CH3OH production (Drahus et al., 2012), suggesting
that the coma was non-isothermal with a higher temperature in
the gas jet (emanating from the small end of the nucleus, see
Sect. 5). This temperature enhancement might be related to gas
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Table 3: Characteristics of continuum maps, nucleus contribution, and dust production rates.
Mean date Frequency RAa Deca Observed Flux Nucleusb Dust production rates
UT MHz ′′ ′′ mJy mJy kg s−1
23.125 Oct. 88631.847 –0.64 ± 0.13 0.14 ± 0.11 0.65 ± 0.03 0.19 (1000c, 3100d)
28.250 Oct. 157172.000 0.05 ± 0.05 0.05 ± 0.06 1.23 ± 0.09 0.52 (690c, 2270d)
4.196 Nov. 88631.847 0.62 ± 0.22 –0.09 ± 0.26 0.25 ± 0.04 0.10 (740c, 2300d)
5.168 Nov. 265886.432 0.76 ± 0.12 0.08 ± 0.18 1.69 ± 0.48 0.95 (900c, 2970d)
a Position of the fitted point source with respect to the comet ephemeris from Giorgini et al. (2012) (see Table 2). b Nucleus
contribution computed for a mean radius of 1.16 km (A’Hearn et al., 2011). c Dust production rates computed using parameters of
model 1 (see text). d Dust production rates computed using parameters of model 2 (see text).
Figure 9: Rotation diagrams deduced from the methanol observations of 28
October 2010 (black symbol) and simulations (grey symbols) for On-Off obser-
vations with the Plateau de Bure (top frame), IRAM 30-m observations (mid-
dle frame) and interferometric observations (lower frame). The corresponding
beam sizes are 30.5′′, 15.3′′, and 2.8′′, respectively, and the projected beam
radii are ∼ 1500, 780, and 150 km, respectively. The model assumes a purely
nuclear source for methanol and a constant gas temperature of 40 K. The rota-
tional temperatures (with 1σ uncertainty) deduced from the rotation diagrams
are given.
Figure 10: CH3OH rotational temperature as a function of beam radius (black
symbols). The labels PdB-Int, PdB-OO, and 30m-OO refer to temperature
measurements from observations with the Plateau de Bure interferometer in
interferometric and On-Off modes, and with the IRAM 30-m telescope, respec-
tively. Results obtained from a model with a constant gas temperature of 40 K
are overplotted in grey.
release from icy grains, as modelled by Fougere et al. (2012).
Bonev et al. (2013) have suggested that the pronounced asym-
metries observed for the rotational temperature of H2O reflect
different mechanisms of water release.
Figure 10 shows rotational temperatures as a function of
projected beam radius (∼150 and ∼1500 km projected on the
comet). A slight increase with increasing beam radius is sug-
gested, which could result from increased efficiency of pho-
tolytic heating, as expected from coma thermodynamic models
(Combi et al., 2004). Alternatively, the increase of the rota-
tional temperature of the 157.2 GHz methanol lines could be
related to the breakdown of thermal equilibrium in the region
of the coma where radiative processes such as radiative decay
and infrared excitation become significant with respect to colli-
sional excitation.
In order to check this later hypothesis, synthetic On-Off spec-
tra and visibilities were computed using an excitation model
and a radiative transfer code, following Boissier et al. (2007).
We summarize here the main aspects of the computations. The
calculation of the population of the rotational levels of the
molecules considers collisions with H2O and electrons, and
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IR radiative excitation. The model provides populations as a
function of radial distance r, given an H2O density law with r.
For simplicity, we assumed an isotropic H2O coma. The to-
tal cross-section of methanol-water collisions was taken equal
to σc = 5 × 10−14 cm2 (Biver et al., 1999). The H2O pro-
duction rate was assumed to be 1.0 × 1028 s−1, i.e., within the
range (0.5 − 1.5) × 1028 s−1 of values measured during the ob-
serving period (A’Hearn et al., 2011; Combi et al., 2011; Dello
Russo et al., 2011; Mumma et al., 2011; Crovisier et al., 2013).
We considered outflow at a constant velocity of 0.7 km s−1,
which corresponds to the half width at half maximum of the
HCN J(1–0) line observed in On-Off mode, and is consistent
with other determinations (Crovisier et al., 2013; Biver et al.,
2011). The brightness distribution of the lines was then com-
puted using the radiative transfer code of Boissier et al. (2007),
which includes both self-absorption and stimulated emission
(see Biver 1997 for detailed explanations). On-Off synthetic
spectra are obtained by convolving the brightness distributions
with the primary beam pattern of the antennas, described by a
2D Gaussian. Visibilities are calculated from the Fourier trans-
form of the brightness distribution (Boissier et al., 2007). The
modeled and observed interferometric flux densities, both ob-
tained by fitting a point source to the visibilities, can then be
directly compared.
In Fig. 9 we compare the observed rotation diagrams with the
results of a simulation with a constant (40 K) gas temperature
in the coma, and isotropic outgassing. The rotation diagrams
derived from the Plateau de Bure data (On-Off and interferom-
etry) are well reproduced. The agreement is not as good for the
30-m data but this can be explained by the time variations of
the temperature: according to the Plateau de Bure On-Off data,
the temperature was minimum at the time the 30-m telescope
data were acquired. As shown in Fig. 10, the model predicts an
increase of the methanol rotational temperature with increasing
beam size which is not as strong as observed but reproduces the
data within 1σ.
Rotational temperatures as high as 70–90 K were derived
from infrared observations with field of view of 50–100 km
(Mumma et al., 2011; Dello Russo et al., 2011; Bonev et al.,
2013; Kawakita et al., 2013). Since these measurements were
performed on 22 October and 4 November, i.e., one week be-
fore and after our observations, the factor of two difference with
our measurements might be related to time variations of the
mean temperature of the coma. A more likely explanation is
a decrease of the gas kinetic temperature with increasing nu-
cleocentric distance, as expected for adiabatic expansion of the
gas. Indeed, Bonev et al. (2013) report measurements of the
spatial distribution of the H2O rotational temperature showing
a rapid decrease with increasing nucleocentric distance. We did
not consider radial variations of the temperature to interpret the
rotational temperature of methanol lines, because of the com-
plexity of the coma.
4.2. Gas production rates from single-dish data
The production rates derived from the single-dish data were
computed using the model described in the previous section
and assuming an isotropic outflow and a nuclear origin for the
molecules. The gas temperature was taken equal to 40 K and
assumed to be constant in the coma, and the expansion velocity
was taken equal to 0.7 km s−1 (Sect. 4.1).
The production rates deduced from daily-average spectra are
QCH3OH = (3.15 ± 0.17) × 1026 s−1 for 28 October, and QHCN
= (1.4 ± 0.2), (1.4 ± 0.2), and (0.60 ± 0.07) × 1025 s−1 for 23
October, 4 November, and 5 November, respectively (the error
bar only includes uncertainties on the line intensity). Our pro-
duction rate determinations are consistent with those derived
by Drahus et al. (2012). Detailed modelling considering jet ac-
tivity and production from a distributed source would lead to
higher production rates.
Using water production rates published in the literature
(Mumma et al., 2011; Dello Russo et al., 2011; Biver et al.,
2011; Combi et al., 2011; Crovisier et al., 2013), we derive
average abundances relative to water of 0.16% for HCN and
2.7% for CH3OH which are similar to abundances commonly
measured in cometary atmospheres. The HCN abundance is
∼30% lower than values derived by Mumma et al. (2011) and
Dello Russo et al. (2011) from infrared observations. The
methanol abundance is consistent with the determination made
by Mumma et al. (2011), but is about twice higher than the
value measured by Dello Russo et al. (2011). However, Vil-
lanueva et al. (2012) derived a methanol abundance of 1.8%
from improved modelling of CH3OH infrared emission. The
discrepancy between radio and IR results is not surprising given
the strong temporal variability of the coma and differences in
field of view.
4.3. Time variations and spatial distribution
The time evolution of the intensity and mean velocity of
molecular lines can reveal important information about nucleus
rotation and outgassing properties, as illustrated by radio stud-
ies of, e.g., C/2001 Q4 (NEAT) and C/1995 O1 (Hale-Bopp)
(Biver et al., 2009; Bockele´e-Morvan et al., 2009). Rotation-
modulated variations of these two quantities were observed in
103P/Hartley 2 by Drahus et al. (2011, 2012), from an exten-
sive monitoring of HCN and CH3OH millimeter lines under-
taken from the end of September to early December 2010. Our
data set provides complementary time coverage, as well as addi-
tional information through the position of the peak line bright-
ness in the interferometic maps.
4.3.1. Production rate and velocity shift
The evolution of the HCN production rate in the time range
3–6 November 2010 is shown in Fig. 11a. The display com-
bines values derived from the Plateau de Bure On-Off data,
and from observations at the Caltech Submillimeter Observa-
tory (CSO, Biver et al., in preparation), and IRAM 30-m tele-
scope (Drahus et al., 2012). Production rates were computed
as explained in Section 4.2, except for the measurements from
the IRAM 30-m telescope, where we used values published by
Drahus et al. (2012). On 4 November, the HCN production rate
presented a minimum near 8 h UT and is near its maximum
at the time of the EPOXI closest approach (∼ 14 h UT). On
5 November, the intensity of the HCN line observed in On–Off
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mode decreased from 2 to 5 h UT and then displayed a sharp in-
crease, a behavior consistent with measurements from Drahus
et al. (2012), reported in Fig. 11. HCN production rates de-
duced from the 22–23 October single-dish data are displayed in
Fig. 12.
We compared the time variations observed in interferometric
(Fig. 8) and single-dish On-Off mode (Figs. 2 and 3), taking into
account the different beam sizes. With respect to the interfer-
ometric mode, the response of the On-Off mode to an increase
of gas production is delayed by ∆t = (rbeam − rint)/vexp, where
vexp is the gas expansion velocity, and rbeam and rint are the On-
Off and interferometric beam radii, respectively. Assuming vexp
= 0.7 km s−1 (Sect. 4.1), we estimate that ∆t is of the order
of 20 min for the observations at 265.9 GHz on 5 November,
50 min for the observations at 88.6 GHz on 23 October, and
70 min for the observations at 88.6 GHz on 4 November. The
same numbers are obtained using model simulations from Biver
et al. (2007). Taking into account the beam delay, we found that
time variations in the two modes are consistent. For exemple,
on 4 November, the On-Off intensity of the HCN line shows a
regular decrease from 1 to 8 h UT. An increase of the interfer-
ometric flux from 5 to ∼ 7 h UT, not seen in the On-Off mode
because of the time delay, is marginally observed (Fig. 8). This
trend is consistent with the increase of gas production rates ob-
served between 10.8 and 15.9 h UT from infrared observations
with the Keck Observatory (Dello Russo et al., 2011).
The time variations of the velocity shift ∆v of HCN and
CH3OH lines observed in On-Off mode are presented in Figs 2
and 3. Averaging daily data, the lines are slightly shifted to-
wards negative velocities, consistent with excess gas produc-
tion towards the Sun since the phase angle was φ ∼ 55◦. In
Fig. 11b, our HCN ∆v data for 4 and 5 November are com-
bined with those of Drahus et al. (2012) measured with higher
signal-to-noise ratios. Measurements at common times gener-
ally agree. Spectra with large blueshifts are characterized by
the presence of a single blueshifted peak at about –0.6 km s1,
whereas spectra with modest velocity shifts present blueshifted
and redshifted peaks of similar intensities, or a redshifted peak
at ∼ 0.3 km s−1 (Drahus et al., 2012). For the purpose of dis-
cussion (Sect. 5), data showing a well-defined redshifted peak
are indicated in Fig. 11b.
4.3.2. Positions of the peak brightness
Figure 13 shows the positions of the maximum line and con-
tinuum emission determined from the maps. While the con-
tinuum peak almost coincides with the latest ephemeris solu-
tion, all HCN and CH3OH peak positions derived from daily-
averaged data are shifted South-East by 2′′ to 4′′. The largest
offsets are observed at 3.4 mm wavelength, i.e., when the inter-
ferometric beam is the largest. This trend is consistent with a
displacement related to asymmetries in the brightness distribu-
tion. The time variations of the HCN brightness peak position
are also reported in Fig. 13. The successive positions are not
similar and move approximately along the North-South (NS)
axis, whereas the Sun direction was at P.A. = 83◦ to 105◦ from
23 October to 5 November. CN optical images obtained from
27 October to 8 November 2010 (Lara et al., 2011; Samarasinha
Figure 11: Variation of the HCN production rate (a), velocity shift (b), and
position angle of HCN peak brightness (c) with time. Data obtained with the
Plateau de Bure interferometer and CSO are plotted with red symbols, whereas
those from Drahus et al. (2012) are plotted with black symbols. For Plateau
de Bure and CSO data, the line shift corresponds to the first moment of the
line (Sect. 2.2.1), whereas the line shift published by Drahus et al. (2012) is
the median velocity of the spectrum. Simulations show that the two quantities
are comparable. Spectra showing a single redshifted peak are indicated by the
symbol ”R”. The dashed curves in the figures are respectively: a) the tempo-
ral variation of the insolation of the SL region covering lat = 70–90◦, long =
0–180◦ (Fig. 15), shifted by 1.71 h, to account for delayed HCN production
(see text, Sect. 5); b) for this region, the weighted mean of cos(pi–Ap) of inso-
lated area; c) the weighted mean of the position angle of the normal to insolated
area. The weight for surface elements are their area times the cosine of the so-
lar zenith angle. Curves in (a) and (b) plots are in arbitrary units. The cycles
indicated at the top are those defined by Drahus et al. (2011). The rotational
phase of 0.5 corresponds to the time of EPOXI closest approach. The corre-
spondence between phase and date was computed assuming a precession (also
called rotation) period of 18.4 h.
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Figure 12: HCN production rates on 22–23 October 2010 derived from the
Plateau de Bure On-off observations.
Figure 13: Positions of the peak brightness of HCN and CH3OH lines and
of the continuum emission (blue symbol) with respect to the nucleus position
given by the ephemeris at (0,0) (Table 1). Positions were determined by fitting
a point source to the interferometric data. For molecular lines, positions from
daily-average data are shown by black crosses. The successive positions along
the observing day are displayed by red crosses and numbers for the HCN lines,
and blue numbers and/or crosses for the continuum. In the upper right frame,
the labels m1 to m6 refer to the 6 observed methanol lines. The sizes of the




Figure 14: Shape model of the nucleus of 103P/Hartley 2 from Thomas et al.
(2013). The direction of the total angular momentum M and the long axis are
indicated. The nucleus rotates in the long-axis mode, with Pφ ∼ 18.4 h and Pψ
∼ 27 h at the time of the EPOXI flyby (Belton et al., 2013). The dashed-dotted
line corresponds to the latitude of 70◦.
et al., 2011; Knight and Schleicher, 2011; Waniak et al., 2012)
show two almost spatially opposite jet features, northward and
southward, with the relative strengths of the two jets varying
with time. There are therefore resemblances in HCN and CN
coma morphologies. In addition, the variability detected in CN
correlates well with the cyclic changes in HCN during the active
phases (Drahus et al., 2012; Waniak et al., 2012). The expected
dust counterparts of the CN jets are not detected in optical im-
ages (Lara et al., 2011; Mueller et al., 2013).
5. Sources of HCN from temporal variations
5.1. Context and approach
Images from the EPOXI mission show that comet
103P/Hartley 2 is a bi-lobed, elongated, nearly axially symmet-
ric comet (Fig. 14, A’Hearn et al., 2011; Thomas et al., 2013).
EPOXI revealed strong asymmetries in the spatial distribution
of dust and gaseous species. The small lobe (hereafter also ref-
ered as to SL) of the nucleus was found more productive in
CO2, dust and icy grains than other regions, whereas enhanced
water density was observed above the waist (A’Hearn et al.,
2011). Drahus et al. (2011) showed that the outgassing pattern
of HCN repeated best every three 18.3-hr rotation cycles, de-
noted as A, B, and C, with the middle of the system (phase 0.5
of Cycle B) defined at the moment of the EPOXI flyby. They
interpreted this behavior as caused by excitation of the nucleus
rotation state, later fully quantified by Belton et al. (2013). This
three-cycle periodicity is also observed in the light curves of
CO2, H2O and dust observed by EPOXI (A’Hearn et al., 2011;
Besse et al., 2012), and for the morphology of the CN coma
(Knight and Schleicher, 2011; Waniak et al., 2012). The three
cycles A, B, and C covered by the 3 to 6 November date range
are indicated in Fig. 11.
Using the line profiles of HCN and CH3OH, Drahus et al.
(2012) identified three distinct components: two jets producing,
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respectively, the redshifted and blueshifted peaks (Sect. 4.3.1),
and an isotropic component producing symmetric double-peak
line profiles, associated with sublimating icy grains. The
blueshifted jet was tentatively associated with the CO2 jet em-
anating from the small lobe, whereas the redshifted jet with the
area producing the H2O density enhancement above the waist,
and supposedly close to the region of polar night, in order to
explain its short duration.
From the knowledge of the spin state, its orientation in space
and kinematics, it is possible to compute the insolation of sur-
face elements as the nucleus rotates (this was also done by Bel-
ton et al., 2013). If we further assume that the outflow occurs
perpendiculary to the surface, the direction of the outflow with
respect to the line of sight (so-called aspect angle Ap, Ap = 0 for
a vector directed towards Earth) can be computed and compared
with the observed velocity shifts. We have investigated how the
time evolutions of the insolation and Ap distribution compare
with the evolution of the HCN production rate and line velocity
shift, respectively, in order to constrain the sources of HCN. In
contrast to HCN, the emission properties of the methanol lines
strongly depend on the coma temperature (see Fig. 7 of Drahus
et al., 2012). Hence, CH3OH line shapes and intensities are
strongly affected by temporal and spatial variations of the gas
temperature in 103P’s coma (see Sect. 4.1), so that a similar
study for CH3OH would require to consider these effects. This
is beyond the scope of this paper.
We used the spin parameters provided by Belton et al. (2013)
to compute, as a function of time, the cosine of the angle of
the normal to the surface elements with the Sun direction, and
with the Earth direction. According to Belton et al. (2013), at
EPOXI closest approach, the long axis was precessing with a
period of Pφ ∼ 18.4 h around the rotational angular momen-
tum M (RA, Dec; J2000 = 8◦, 54◦), and tilted to M by 81.2◦
(Fig. 14). In addition, the body was rolling around the long axis
with a period of Pψ ∼ 27 h. The shape model of Thomas et al.
(2013) was used and we adopted the geographic coordinate sys-
tem (lat, long) defined by Thomas et al. (2013), with the tip of
the SL defining the north pole (Fig. 14). For simplicity, we have
neglected shadowing effects when computing the insolation of
surface areas.
5.2. Comparison of HCN temporal variations with nucleus il-
lumination
Figure 15 shows the variation of the illuminated surface of
the nucleus (surface elements are weighted by the cosine of the
solar zenith distance) for the date range considered in Fig. 11.
It follows a complex pattern related to the non-principal-axis
rotation mode and elongated shape of the nucleus. The illumi-
nated fraction of the small lobe (defined as lat > 70◦, Thomas
et al., 2013) is also plotted in the figure. The measured HCN
production rate varied by a factor of ∼ 4 from minimum to max-
imum activity (Fig. 11). Minimum HCN activity is observed
on 3 November ∼ 15 h (Cycle A, phase 0.25), 4 November 8
h (Cycle B, phase 0.17), and 5 November 4 h UT (Cycle C,
phase 0.26). It is striking that these times correspond approx-
imatively to the times when the surface of the SL exposed to
the Sun is minimum (Fig. 15, the time lag is discussed at the
Figure 15: Insolated cross-section of 103P’s nucleus as a function of time. Re-
sults obtained with the rotational angular momentum M directed towards (RA,
Dec; J2000 = 8◦, 54◦) and (RA, Dec; J2000 = 83◦, +53◦) (Belton et al., 2013)
are in plain and dashed lines, respectively. The black curves correspond to the
whole nucleus. The curves in red consider areas at lat > 70◦ and long between
0–360◦ (small lobe). The curve in blue color consider regions on the small lobe
with long = 0 to 180◦.
end of this section). Figure 16 shows maps of the solar illu-
mination of the nucleus at the times of observed minimum and
maximum HCN production. Maximum HCN production is ob-
served when the tip of the SL is into sunlight, whereas the tip of
the SL is in shadow at the times of minimum production. Inter-
estingly, maps for 3 November, 5 h UT, and 5 November 4 h UT,
both in Cycle C, corresponds to maximum and minimum HCN
production, respectively, whereas they are complementary re-
garding illumination (rotational phases differ by 0.44), the nu-
cleus regions in sunlight for the former time being in shadow
for the latter time, and vice-versa. This leads us to the conclu-
sion that the evolution of the HCN production rate was mainly
modulated by the insolation of the SL. This conclusion also ap-
plies to CH3OH, the production curve of which is similar to that
of HCN, albeit generates smaller amplitude variations (Drahus
et al., 2012). We can also conclude that the surface areas of the
SL were active mainly when in sunlight.
We show in Fig. 17 (left) maps of the solar illumination at
the times when the HCN lines displayed either their strongest
blueshift, or a well-defined redshift peak. For each of these
times, we also show how the normal of the surface elements
projects onto the line of sight, by plotting isocontours of
cos(Ap) (Fig. 17, right). The strong blueshifts on 3 Novem-
ber 5 h UT (Cycle C, phase 0.7) and 4 November 0.6 h UT
(Cycle A, phase 0.77) are observed at times where the SL is
illuminated and facing the Earth (cos(Ap) reaching values >
0.8). Hence, the blueshifted peak observed at these times in
the HCN spectra, is associated with material produced from the
SL. The source region of the blue peak observed on 5 November
0.4 h UT (Cycle C, phase 0.06) at time of minimum activity is
less straightforward. Regions at lat > 75◦ are excluded as they
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were in shadow and were facing anti-Earthward. This blue peak
might be related to jets originating from SL latitudes ∼ 60–75
◦ with longitudes 180–220◦ E, as these regions were in sunlight
and were pointing Earthward and South (i.e., according to the
observed displacement of the HCN peak brightness, Fig. 13)
at times when the icy grains producing HCN were released (see
discussion later on). As seen in Fig. 11, outgassing from illumi-
nated SL areas (most SL areas being in darkness) satisfactorily
explains both the small production rate and large HCN line ve-
locity shift measured at the beginning of Cycle C. Alternatively,
outgassing from other regions, including the waist and mid lat-
itudes on the large lobe, could also explain the observations.
Drahus et al. (2012) argue that the single redshifted peak
originated from a different region than the single blueshifted
peak, associated to SL outgassing. However, since the SL is
much more active than other regions, it may also be responsible
for a redshifted peak. Indeed, the development of the redshifted
peak coincides with the disappearance of the blueshifted peak
(see spectra in Fig. 13 of Drahus et al. (2012)), which is pos-
sibly a projection effect, since the mean outflow from the SL
changes its direction with respect to the Earth, as the nucleus
rotates. For exemple, CO J(2–1) spectra of comet C/1995 O1
(Hale-Bopp) acquired over one rotation period near perihelion
displayed enhanced emission moving from positive to negative
Doppler velocities in the nucleus velocity rest frame, due to the
presence of a CO rotating jet active day and night (Bockele´e-
Morvan et al., 2009). To produce enhanced signal at red ve-
locities, the surface regions on the SL need to be illuminated
at times when their normal is pointing in the half-space oppo-
site to the Earth direction (assuming that the activity proceeds
only during day time for 103P). These conditions are fulfilled
for Cycle C, phase = 0.42–0.47 (3 Nov. 0.79 h UT and 5 Nov. 7
h UT) (Fig. 17). However, the red peak observed at phases 0.9–
1 of Cycle A to 0.2 of Cycle B can be attributed to outgassing
from illuminated SL mid-latitudes (< 70◦) or to remnant activ-
ity from SL high latitudes into darkness (Fig. 17). Contribu-
tion from other regions (e.g., mid latitudes on the large lobe
or the waist) is possible, though regions expected to produce a
well-defined redshift peak are not (their local time corresponds
to evening) or poorly illuminated. Interestingly, both this red
peak and the blue peak observed at beginning of Cycle C can
be explained by outgassing from the SL at 60–70◦ latitudes lo-
cated above the waist. Alternatively, 103P/Hartley 2 possibly
displayed night-side jet activity, but this conclusion relies on
the assumption that the spin parameters that we are using are
fully accurate (see discussion in Sect. 5.4). We refer the reader
to Drahus et al. (2012) who argue that the source region of the
redshifted peak should be located on the waist, to explain both
HCN and CH3OH data line profiles and their time evolution.
We show in Fig. 18 the illumination and Ap maps at time of
the EPOXI closest approach (Cycle B, phase of 0.5). The whole
longitude range of the SL was illuminated and the long axis
was approximately in the plane of the sky (aspect angle of 75◦).
Outgassing from long = 0–180◦ E would produce a blueshifted
peak, with the rest producing a redshifted peak. This might
explain qualitatively the double-peak structure of the HCN pro-
file observed in Cycle B, phase = 0.5 (see the HCN spectrum
Figure 16: Illumination of the nucleus of 103P/Hartley 2 at times corresponding
to minimum or maximum HCN production, as indicated in the right part of the
plots. Isocontours correspond to the cosine of the solar zenith angle, shown by
step of 0.2 (illuminated regions). The contour in black color is the terminator.
on 2 November ∼ 7 h UT in Fig. 13 of Drahus et al. (2012)),
though the detailed interpretation of the whole HCN produc-
tion curve suggests that SL regions at long = 180–360 ◦ E were
less active (Sect. 5.4). Finally, worth is mentionning that spec-
tra with a double-peak structure are expected in a number of
circonstances which apply here, i.e., a well resolved coma, pro-
duction from distributed sources (Drahus et al., 2012), and spi-
ralling jets (Bockele´e-Morvan et al., 2009).
5.3. Comparison of HCN, CH3OH, H2O and CO2 production
curves
We have shown that gas production curves are highly modu-
lated by the insolation of the SL. However, there is not a perfect
correspondence between the times of maximum HCN produc-
tion and maximum SL illumination. For exemple, on 3 Novem-
ber maximum HCN production was observed at ∼ 6 UT (Cycle
C, phase = 0.77), whereas maximum illumination of the SL oc-
curred at 2 h UT (phase = 0.54). There is a similar time shift
between minimum activity and minimum SL illumination. The
time lag is long with respect to the expected “beam delay” of
∼ 0.2 h (see Biver et al., 2007, where we scaled computed in-
strument responses to production rate variations using the beam
size and geocentric distance appropriate to the 103P observa-
tions). We compared the production curve of HCN to those
of H2O and CO2 recorded by EPOXI from 7 to 9 November
(Besse et al., 2012). For CO2, maximum production is observed
at times corresponding to phases 0.62 of Cycle C, 0.74 of Cy-
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Figure 17: Illumination of the nucleus of 103P/Hartley 2 (left) and maps of
equi-Ap (right) at times when HCN spectra showed a strong blue peak or en-
hanced signal at positive velocities, as indicated in the right part of the plots.
Contours and color coding for illumination maps are as for Fig. 16. In maps
of equi-Ap, isocontours correspond to the cosine of Ap, shown by step of 0.2
for |cos(Ap)| < 0.8 (dashed contours), and by step of 0.1 for |cos(Ap)| > 0.8
(solid contours). Normal to surface areas projecting towards and outwards the
Earth direction are in blue and red, respectively, and are delimited by the black
isocontour (cos(Ap) = 0).
cle A, 0.44 of Cycle B. For H2O, the peaks of production are at
phases 0.69 of Cycle C, 0.87 of Cycle A, and phase 0.52 of Cy-
cle B, i.e., delayed by 1.44 h (peaks in phase B and C) and 2.4 h
(peak of cycle A) with respect to the CO2 production curve. For
comparison, maximum HCN production is at phases ∼ 0.77 (C)
(0.70 (C) from a fit of the overall evolution in the phase range
0.4–0.9), 0.82 (A), and ≥ 0.5–0.6 (B). Hence, the H2O and HCN
production curves are in average in phase, suggesting that these
molecules have common sources. A perfect phasing between
CH3OH and HCN production is also observed (Drahus et al.,
2012). This time lag with the CO2 production curve can be
related to the production of H2O, CH3OH, and HCN from sub-
liming icy grains, whereas CO2 molecules were released from
the nucleus. Significant contribution of grain sublimation to
the production of volatiles is supported by numerous measure-
ments (e.g., A’Hearn et al., 2011; Mumma et al., 2011; Dello
Russo et al., 2011; Drahus et al., 2012; Knight and Schleicher,
2013).
5.4. Detailed analysis of the HCN production curve
We now compare the CO2 production curve to the variation
of the illumination of the SL area. There is a small time differ-
ence between SL maximum insolation and the peaks in the CO2
production curve, which varies from cycle to cycle: ∼ –2.1 h,
+2 h, and –1.4 h for Cycles A, B and C respectively. A possible
explanation for this time lag is that the non-principal axis rota-
tion parameters provided by Belton et al. (2013) provide only
an approximate description of the spin state of 103P/Hartley
2. Indeed, there is still no agreement on the direction of the
rotational angular momentum M (see Belton et al., 2013, and
references therein), whereas the time variation of SL insolation
is very sensitive to the space direction of M. For exemple, using
instead the first solution provided by Belton et al. (2013) (RA,
Dec; J2000 = 83◦, +53◦), which is based on the directions of the
long and intermediate principal axes of Thomas et al. (2013),
the discrepancy is worse (Fig. 15). The time lag is more likely
due to local variations of the outgassing on the SL, related, e.g.,
to a non uniform distribution of active areas. This scenario is
supported by the different strengths S of the peaks at each cycle
(Besse et al., 2012) (S (C) > S (B) > S (A) for H2O and CO2),
and by the difference of spacing between the peaks (CO2: 13
h, 21.6 h and 20.6 h, for A–B, B–C, and C–A, respectively).
Indeed, whereas the overall insolation of the SL shows maxima
of the same strength for each cycles (Fig. 15), this is not ex-
pected for specific regions on the SL due to the rolling along
the long axis. Simulations show that, for specific regions of the
SL defined by their longitude range, the spacing between the
peaks are typically 11/21/22 h, i.e., at a frequency which cor-
responds to (1/Pφ+1/Pψ), and half this value. Figure 15 shows
the variation of the insolation of SL area at longitudes between
0–180◦. The times of peak of production of CO2 are correctly
reproduced (within 20 to 50 min). The relative strengths of the
peaks are qualitatively explained, in particular S (C) > S (A).
However, the observed S (C)/S (B) ratio is higher than the ra-
tio of the peaks in the simulation, the latter being only slightly
above unity because, on the basis of the rotation parameters of
Belton et al. (2013), almost the same areas of the nucleus were
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exposed to the Sun at the times of peak activity during cycles B
and C (Fig. 18).
Figure 11a–b shows the time evolution of the insolation and
insolation-weighted cos(Ap) of the long = 0–180◦ SL region
for a comparison with the measured HCN production rate and
line velocity shift. We shifted the curve of the insolation by
+1.71 h (which corresponds to the mean delay between H2O
and CO2 peaks of production), to account for production of
HCN by grains. The agreement with the production curve is
overall satisfactory, taking into account that outgassing from
regions other than the SL is not considered.
An overall good agreement is also obtained between the
shape of the insolation-weighted cos(Ap) curve and the HCN
line velocity shift, when not applying a +1.71 h time shift to
the model (Fig. 11b). Indeed, though HCN molecules are pre-
sumably produced from grains, their large velocity (∼ 0.6–0.7
km s−1 based on the line width and the Doppler velocity of
the blueshifted peak) may indicate that they share the velocity
field of the ambient gases through collisional interactions (pro-
duction by small grains with gas-like velocity is not favored,
Sect. 6). Whether the regions where HCN gassesgre are pro-
duced are dense enough to change the isotropic velocity of the
molecules released from the icy grains might be questionable.
In Sect. 6, we show that the interferometric maps suggest a typ-
ical scale length of HCN production of 500–1000 km. Accord-
ing to the model of Fougere et al. (2013), at these distances
above the active SL, collisions are still important though pos-
sibly not numerous enough for a true fluid-equilibrium regime
(Fougere, personal communication, found at 500 km a Knudsen
number Kn = 0.22 for the density gradient, and Kn = 0.50 for
the temperature gradient, whereas free-molecular flow requires
Kn >> 1, and the fluid regime requires Kn < 0.05 ). Therefore,
the question remains opened. Note that, assuming that the HCN
molecules follow the ambient velocity field related to the geom-
etry of production, a small time shift of 0.2–0.4 h in the cos(Ap)
curve, not applied in the model curve shown in Fig. 11b, should
have been in principle considered. We observe in Fig. 11b a dis-
crepancy for ∆v at phase 0.1 of Cycle A, which is not critical for
our interpretation since at that time the SL was in shadow and
almost inactive. The observed moderate blueshift is consistent
with some outgassing from the large lobe of the nucleus which
was into sunlight and pointing the Earth at that time. The dis-
crepancy for phase 0.4–0.6 of Cycle B shows also that regions
other than the SL long = 0–180◦ region were possibly contribut-
ing to HCN production (see discussion in Sect 5.2).
We compare in Fig. 11c the direction of the offset of the HCN
peak brightness measured in the HCN maps with the mean di-
rection of the outgassing from insolated area at long = 0–180◦
on the SL. There is a good agreement with the data from 4
November (phase 0.9 of cycle A to 0.1 of cycle B). However
the rapid variation of the position offset observed on 5 Novem-
ber, at a time when most of the SL was in shadow, is not re-
produced by the model, showing that other localized sources of
enhanced activity need to be considered to interpret the data.
These sources are possibly responsible for the second CN jet
observed in optical images (Sect. 4.3.2).
We used geometric considerations to interpret the gaseous
Figure 18: Illumination of the nucleus of 103P/Hartley 2 (left) and maps of
equi-Ap (right) at times of maximum CO2 production for cycles A, B, and C,
and at time of EPOXI closest approach (4 November 14 h UT). See Fig. 17.
production curves. An extensive modelling is beyond the scope
of this paper. However it is worth mentionning that we did not
consider a possible time lag related to the production of CO2
from below the surface. For a thermal inertia in the range 50
(250) MKS (Groussin et al., 2013), the subsurface temperature
at depths of 2 (10) cm is shifted by 3 h in the afternoon. The
good correlation between SL illumination and CO2 production
suggests that CO2 is originating from small depths.
6. Radial distribution of HCN
As discussed in Sect. 5, the HCN production curve suggests
a large contribution from sublimating icy grains. Icy grains
were also likely an important source of CH3OH. Indeed the
variability of the CH3OH production rate correlates well with
that of HCN (Drahus et al., 2012). We investigated whether
there is evidence for extended production of molecules in the
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Plateau de Bure data, by comparing the interferometric (FInt)
and single-dish (FSD) fluxes, following Boissier et al. (2007)
and Bockele´e-Morvan et al. (2010). An extended source pro-
duction, if resolved out by the interferometric beam, would re-
sult in a ratio R = FSD/FInt higher than the value expected for a
pure nuclear production. On the other hand, this study requires
to account for the optical thickness of the lines in model cal-
culations. Indeed, since opacity effects are more important for
smaller beams, the FSD/FInt intensity ratio is higher for opti-
cally thick conditions.
We present in Table 4 line intensity ratios Robs that can be
reliably used for this study. For methanol observed on 28 Octo-
ber, the six emission lines were combined to increase the signal-
to-noise ratio and the whole observing period was considered.
For HCN observed on 23 October and 4 November, we selected
time ranges where the single-dish data displayed limited tem-
poral variations. For HCN on 5 November, the full data set was
again considered. Time ranges for single dish and interfero-
metric observations (see Table 4) were selected so that approxi-
mately the same molecules contribute to the fluxes measured in
the two modes (see Sect. 4.3.1).
We used the excitation and radiative transfer model described
in Section 4.1 to compute synthetic On-Off and interferomet-
ric fluxes considering a nuclear or extended production of the
molecules (see also Boissier et al., 2007). This model takes into
account opacity effects, which affect significantly the interfero-
metric fluxes. The cross-section for HCN–H2O collisions was
taken equal to σc = 1 × 10−14 cm2 (Biver et al., 1999). Ex-
tended distributions were investigated using the Haser formula
for daughter species with the parent and daughter scale lengths
Lp and Ld as parameters. Parent scale lengths up to 1000 km
were considered. Ld corresponds to the photodissociative scale
length, which does not affect the calculations as the field of
view is probing the inner coma. We considered three cases for
the production sources of the molecules: nuclear (QN : QE =
(100 : 0)), extended (QN : QE = (0 : 100)), and composite
(QN : QE = (50 : 50)), where QN and QE are the production
rates from the nucleus and extended source, respectively.
Finally, calculations showed that model results are sensitive
to the assumed azimuthal distribution of the gas. We there-
fore focussed on the HCN J(1–0) data acquired on 4 November
from 1 to 3.5 h UT (Table 4), for which the outgassing pattern
is well understood (Sect. 5). According to the model presented
in Sect. 5, the mean orientation of the HCN vent from the small
lobe was at an aspect angle of 65◦ with respect to Earth direc-
tion. To account for the observed Doppler shift of –0.2 km s−1
(Fig. 11), we set the fraction of HCN molecules in the vent to
a value j = 75%. We assumed that QN : QE is the same in the
vent and outside the vent. Whereas we present model calcula-
tions for a constant kinetic temperature in the coma of 40 K,
similar results and conclusions are obtained when considering
a temperature gradient, or a larger temperature in the vent (60
K) than in the rest of the coma (30 K) (Sect. 4.1).
Figure 19 shows the model results for a HCN jet with semi-
aperture angles ψ of 10, 30 and 45◦, together with results ob-
tained for an isotropic HCN distribution. This figure displays:
i) the velocity shift of the HCN J(1–0) line in single-dish mode;
ii) the position offset of the peak intensity with respect to the nu-
cleus position; iii) the quantity χ = (RObs −RMod)/∆RObs, where
RMod is the intensity ratio computed by the model and ∆RObs is
the uncertainty on RObs. These three quantities are plotted as
a function of the parent scale length Lp of HCN, with negative
parent scale lengths refering to the composite case (QN : QE =
(50 : 50)), positive parent scale lengths refering to the extended
case (QN : QE = (0 : 100)), and Lp = 0 corresponds to nuclear
production. The third quantity allows us to estimate the good-
ness of the fit for the intensity ratio RObs = 19.1 ± 7.0 measured
on 4 November (Table 4); values of this quantity between -1
and 1 are considered as satisfactory. The total HCN production
rate (QN + QE) was taken equal to 2.0 ×1025 s−1, which corre-
sponds to the value which reproduces the line area observed in
single-dish mode when a pure nuclear source is assumed.
The results for an isotropic distribution of HCN shows that
this assumption could lead to erroneous conclusions concern-
ing the source of HCN. Indeed, for this model, best fits of RObs
are obtained for parent scale lengths < 100 km, implying pro-
duction of HCN in the very inner coma. In contrast, when
anisotropic outgassing is considered, the brightness distribution
of HCN is consistent with a distributed source of HCN with a
parent scale length of up to 1000 km (for pure extended HCN
distribution) or even larger (composite case). However, RObs
can also be explained with a near-nucleus production of HCN
(Fig. 19). The small dependency of RObs with Lp in the case
of a composite origin of HCN is related to optical depth effects
which are more important for small Lp values, producing an ex-
tended brightness distribution whereas the radial distritution is
steep. In summary, the measured intensity ratio RObs by itself
does not provide strong constraints on the parent scale length.
However, the offset of the brightness peak is also sensitive to
the HCN radial distribution. As shown in Fig. 19, the observed
large position offset of 3.5′′ excludes a broad (ψ ' 20◦) HCN
jet in the composite case. If most of the HCN molecules were
produced by an extended source, then both the observed peak
offset and RObs can be explained providing Lp = 400–1000 km
(ψ = 30◦), or Lp < 150 km (ψ = 10◦). A large opening an-
gle is best consistent with the distribution of the cloud of icy
grains and CO2 released from the illuminated part of the small
lobe (A’Hearn et al., 2011). If these grains are the source of
HCN, then our model results suggest that the characteritic scale
for production of HCN was typically 500–1000 km. Using the
time scale of production of HCN determined in Sect. 5 of 1.7
h, we can determine the velocity of the icy grains producing
HCN to be on the order of 100–200 m s−1, which is consistent
with the determination of Drahus et al. (2012), from a differ-
ent approach. These values correspond to the velocity of 15–
80 µm grains according to model (2) of Sect. 3.2. Beer et al.
(2006) computed the lifetime of pure and dirty icy grains made
of dark material and 90% of ice at a distance from the Sun of
1.09 AU, which is close to the distance of 103P/Hartley 2 on
4 November (1.06 AU). The time scale of 1.7 h is too short
to invoke the production of HCN from pure icy grains. On
the other hand, it corresponds to the lifetime of 600 µm dirty
grains. Since the lifetime of the grains depends on their compo-
sition (but not significantly on the ice content) (Gicquel et al.,
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2012; Beer et al., 2006) and that less absorbing material than
the dark material considered by Beer et al. (2006) are present in
cometary grains (e.g., silicate), there might be no contradiction
between the scale length and time scale of production of HCN
from icy grains.
7. Summary
We observed comet 103P/Hartley 2 with the IRAM Plateau
de Bure interferometer both in interferometric and single-dish
modes. Observations were conducted on 23, 28 October, and
on 4 and 5 November 2010, i.e., close to the time of the EPOXI
flyby. The nucleus and dust thermal emissions were detected, as
well as emission lines of HCN and CH3OH. Taking advantage
of complementary observations and published spin parameters
and shape model, we interpret the observed time variability of
gas production of 103P/Hartley 2, and present two independent
lines of evidence for production of HCN from grains. Our re-
sults can be summarized as follows:
• Both the nucleus and the dust thermal emissions are found
to contribute to the detected continuum emission at 88.6,
157.2, and 265.9 GHz. The amplitude and period of the
sine-like thermal light curve observed on 23 October 2010
show that the temporal variation of the continuum was
driven by nucleus rotation. Depending on the date and fre-
quency of the measurement, the nucleus thermal emission
contribute from 30 to 55% of the observed flux. The dust
thermal emission is analysed with a thermal model. Dust
production rates are derived under various assumptions re-
garding dust composition, size distribution and grain ve-
locities. We infer values in the range 830–2700 kg s−1,
which correspond to dust-to-gas ratios in the range 2–
6. Large dust-to-gas ratios can be explained by the un-
usual activity of the comet given its size, which allows
decimeter-sized particles or larger boulders to be entrained
by subliming gases.
• We measure temporal variations of the intensity of HCN
and CH3OH lines, which are consistent with measure-
ments obtained by Drahus et al. (2012) with the IRAM 30-
m telescope. In addition, interferometric maps obtained
with a resolution of 100–500 km reveal a displacement
of the HCN and CH3OH peak emission with respect to
the peak brightness of continuum emission. Whereas the
daily-average displacement is South-East, motions along
the North-South axis are observed in time scales of a few
hours. Time variations of the mean velocity of the line
are also detected, though with less confidence than Drahus
et al. (2012) because of moderate signal-to-noise ratios.
We interpret these time variations induced by the rota-
tion of the nucleus using geometrical considerations. The
shape model of Thomas et al. (2013) is used, and we con-
sider the complex rotational state of 103P’s nucleus, using
the spin parameters and space orientation of the total an-
gular momentum determined by Belton et al. (2013). We
show that gas activity is modulated by the insolation of the
Figure 19: Model simulations for the J(1–0) HCN observations undertaken
on 4 November (1–3.5 h UT) with the Plateau de Bure interferometer. The
modelling considers an asymmetric HCN coma where a fraction j = 75 % of the
HCN molecules are contained in a jet of semi-aperture ψ = 10◦ (red symbols),
ψ = 30◦ (green symbols), and ψ = 45◦ (blue symbols). The angle between
the jet and the Earth direction is 65◦. Results for an isotropic coma are shown
with black symbols. Top: Line velocity offset in single-dish mode, consistent
with the observed value of –0.2 km s−1. Middle: Offset of the brightness peak
of the synthesized map with respect to the nucleus position. The dashed line
represents the observed offset, the dotted lines define the ±1σ values. Bottom:
χ = (RObs − RMod)/∆RObs; the grey region corresponds to –1 < χ < 1. Results
plotted in the right part of the plots (positive scale lengths) are for pure extended
distributions (i.e., (QN : QE) = (0 : 100)). Results for composite distributions
(QN : QE) = (50 : 50) are shown in the left part of the plot (negative scale
lengths).
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Table 4: Single-dish to interferometric flux ratios.
Line Date FSDa FInta Robs
Jy km s−1 Jy km s−1
CH3OH 28 Oct. 2010b 6.34 ± 0.35 0.507 ± 0.065 12.5 ± 2.1
HCN J(1–0) 23 Oct. 2010c 0.68 ± 0.09 0.042 ± 0.020 16.2 ± 7.9
HCN J(1–0) 4 Nov. 2010d 0.84 ± 0.13 0.044 ± 0.015 19.1 ± 7.0
HCN J(3–2) 5 Nov. 2010e 7.49 ± 0.80 0.24 ± 0.050 31.2 ± 8.1
a Errors include absolute flux calibration uncertainties (10% in On-Off and 5, 10, and 15% in interferometric mode at 88.6, 157.2,
and 265.9 GHz, respectively). b Sum of the intensities of the six 157.2 GHz methanol lines. c Time range from 2 to 5 h UT in
On-Off mode, and 1-4 h UT in interferometric mode. d Time range from 2 to 3.5 h UT in On-Off, and 1 –2.5 h UT, in interferometric
mode. e Whole data set acquired from 0 to 8.5 h UT.
small lobe of the nucleus. A delay of 1.7 h is observed
between the HCN production curve and that of CO2 mea-
sured by EPOXI (Besse et al., 2012), suggesting that HCN
is mainly produced by icy grains. The similar phasing of
the H2O, HCN, and CH3OH production curves shows that
the three species have common sources. The three-cycle
periodicity of the production curves can be explained by
an overactivity of the small lobe in the longitude range 0–
180◦. The time evolution of the velocity offset of the HCN
lines, as well as the displacement of the HCN photocenter,
are overall well reproduced. Measurements at times when
the small lobe is in shadow suggest the presence of other
localized sources of gas on the nucleus surface. The good
correlation between the insolation of the small lobe and
CO2 production is consistent with CO2 being produced
from small depths below the surface.
• Six methanol lines at ∼157.2 GHz are observed on the
same date with the Plateau de Bure and the IRAM 30-
m telescopes, allowing us to measure the CH3OH rota-
tional temperature with beam radii varying from 150 km
and 1500 km. The increase of temperature with increasing
beam size (from 35±6 K to 46±2 K) can be explained by
a change in the excitation conditions, with radiative pro-
cesses becoming significant with respect to collisional ex-
citation in the outer coma. The measured temperatures are
lower than the values of 70–90 K derived from infrared ob-
servations with smaller fields of view (Dello Russo et al.,
2011; Mumma et al., 2011; Bonev et al., 2013). A possible
explanation is a rapid decrease of the gas kinetic temper-
ature in the first tenths of kilometers above the surface as
expected for an adiabatic expansion of the gas.
• We investigate whether there is evidence for extended pro-
duction of HCN in the Plateau de Bure data using as con-
straints the ratio between the interferometric and single-
dish fluxes, and the position offset of the peak brightness in
the maps. Our model results suggest that HCN molecules
are mainly produced by a distributed source characterized
by a scale length of typically 500–1000 km, implying a
mean velocity for the icy grains producing HCN of 100–
200 m s−1. The time scale of production of HCN of 1.7 h
is too short to invoke the production of HCN from pure icy
grains.
The present study complement results obtained from infrared
spectroscopy which probed various molecules, including HCN
and CH3OH (Dello Russo et al., 2011; Mumma et al., 2011;
Kawakita et al., 2013). In most recorded infrared spectra, the
gas emissions were more extended than dust, supporting pro-
duction from icy grains. The spatial distribution of H2O and
CH3OH were found similar to each other, but were gener-
ally different from C2H6, HCN and C2H2, indicating that there
might be two distinct phases of ice in comet Hartley 2, one
enriched in H2O and CH3OH, and another enriched in more
volatile species (C2H6, C2H2, and HCN) (Dello Russo et al.,
2011; Mumma et al., 2011; Kawakita et al., 2013). Combining
radio and infrared results, the production curves of these vari-
ous molecules were approximately in phase, showing that the
icy grains producing these molecules were principally originat-
ing from the small lobe of the nucleus. A large fraction of the
water and methanol molecules were released from slowly sub-
limating pure icy grains (Fougere et al., 2013). This scenario
is consistent with the steady production rate ratios observed
throughout the apparition (Mumma et al., 2011; Kawakita et al.,
2013).
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